anti-human CD3 product by the Wuhan Institute of Biological Products against organ transplant rejection, an anti-human interleukin-8 product by Dongguan Winnerway YES Biotech & Pharmaceutical Co against psoriasis, a recombinant human tumour necrosis factor receptor II fusion protein product by Shanghai CP Guojian Pharmaceutical Co against rheumatoid arthritis, and an iodine-conjugated tumour necrosis therapy product by Shanghai Meien Biotechnology Co against lung cancer. Research & Development activities (R&D) in China are normally characterised by close collaborations with top tier Chinese research institutions, small scale capital investments (5%-8% of revenue), and fast advancements in vaccine development (for example, China was the first country to manufacture an H1N1 vaccine).
Biologics are defined as a virus, therapeutic serum, toxin, antitoxin, vaccine, blood product, blood component or derivative, allergenic product (or any other analogous product), or an arsphenamine or derivative of arsphenamine (or any other trivalent organic arsenic compound) applicable to the prevention, treatment or cure of a disease/condition of human beings [United States Public Health Services Act 42 USC §262(i)]. Most biologics are large complex molecules/mixtures that are not easily identified or characterised. They are often generated from bacteria, yeast, insects, plants, or mammalian cells engineered with the gene of interest, but they can also be purified from natural sources. Philosophically speaking, the npg mechanism of action of most biologics falls into the Chinese Yin-yang theory: that is, using therapeutic proteins, such as monoclonal antibodies (Yang), to neutralise elevated antigen levels/over-expressed disease targets (Yin) to keep Yin and Yang in balance. In this paper, we will focus on the clinical pharmacology aspects of biologics, including pharmacokinetics (PK)/pharmacodynamics (PD), dose selection, modelling and simulation approaches, and general clinical pharmacology considerations in biologics drug development. The biologics discussed in this paper include monoclonal antibodies (mAbs), proteins and peptides. Vaccines and stem cell therapies are beyond the scope of this paper.
Mechanistic understanding of the pharmacokinetics of biologics
Compared to small molecule drugs, biologics have unique characteristics in absorption, distribution, metabolism, and elimination (ADME), which lead to significant differences in their development.
The primary distinctions between biologics and small molecule drugs are their sizes, structural complexity and how they are produced. The molecular weight of a small molecule drug is typically less than 1 kDa (20-100 atoms), whereas the molecular weights of biologics range from a few kDa to 1000 kDa (ie, IgM mAbs). The efficacy and safety of therapeutic proteins are also affected by their secondary, tertiary, and quaternary structures. Factors that need to be taken into account when considering the functionality of biologics include but not limited to protein folding, denaturation, amino acid substitution, deamidation, N-and C-terminal modifications, protein aggregation, oxidation, O/N-linked glycosylation, truncation, phosphorylation, sulphation, PEGylation, carbamylation/ carboxylation/acetylation, multimer dissociation, mismatched S-S bonds, truncation, fatty acylation, gamma-carboxyglutamylation, formylation, and methylation.
Biologics are mainly delivered by parenteral administration, such as intravenous (IV), subcutaneous (SC) and intramuscular (IM) injections. Because of their large molecular size, biologics are absorbed slowly, with a longer time to peak concentration (T max ) following SC and IM administration than small molecules. The longer Tmax is associated with slow lymphatic uptake, the major route of absorption for biologics, at the injection site [1] . The slow lymphatic absorption is due to the limited flow rate (1-2 mL·kg -1 ·h -1 in the thoracic duct) [2] . Based on the data published by the US Food and Drug Administration (FDA), the Tmax (http://www.accessdata.fda.gov/ scripts/cder/drugsatfda/) of 12 approved mAbs or fusion proteins administered by the SC route ranged from 2 to 14 d, and their bioavailability ranged from 50% to 80%. The oral bioavailability of therapeutic proteins is negligible because of their size, polarity, and enzymatic degradation in the gastrointestinal tract. Thus, oral dosing is not an appropriate route of administration for biologics. In comparison, oral dosing is the most common dosing route for small molecules with a Tmax in the order of hours.
The mAbs, which could be considered the most important subset of biologics, bind to their targets by specific or nonspecific binding. The nonspecific binding function, including FcRn and Fcγ receptor binding, resides in the constant region (Fc) of the mAb. Specific binding mainly refers to the binding between the antigen binding site of the variable region and the targets (eg, soluble antigen/ligand or receptor). As a result, both the distribution and the clearance of mAb drugs exhibit very different patterns from those of small molecules. In comparison to small molecules, mAbs have a relatively limited distribution, owing to their size, charge, and tight target binding. For example, the typical central volume of distribution for a mAb, normally derived from a two-compartment model, is approximately 2-4 L, which is similar to the total blood volume. In contrast, the distribution of small molecules is usually not confined to the central blood compartment and normally exhibits a much higher apparent volume of distribution. Prominent examples include theophylline and ethanol, which have distribution volumes that represent the distribution of ~30 L total body water.
Even though the volume of distribution of a mAb is relatively small, mAb drugs are distributed to peripheral tissues by paracellular and/or transcellular movement following IV dosing or by absorption after parenteral injections [3] . Unlike small molecules, the paracellular movement of biologics is mainly via convective transport instead of passive diffusion [4] . In addition, a unique way of movement of mAbs is via transcellular trafficking. The initiation of transcellular movement of mAbs consists of three types of processes: 1) fluid-phase pinocytosis (ie, cells take up proteins from the surrounding fluid space), 2) receptor-mediated endocytosis (mainly via Fcγ receptor binding or through binding to cell surface antigens), and 3) phagocytosis. Fluid-phase pinocytosis is the main pathway by which mAbs enter endothelial cells. After cell entry, the FcRn recycling pathway can participate in the transcytosis step, in which mAbs can be bi-directionally transported to either the interstitial spaces or the vascular space [5] [6] [7] . The tissue distribution of mAbs may not be homogeneous because the tight binding between the mAb and its target can prohibit deeper penetration [8] [9] [10] [11] . In contrast, this pattern is less prominent for small molecules, which can passively diffuse through a tissue.
Small molecule drugs are primarily cleared either through hepatic metabolism or through renal/biliary excretion. In contrast, mAbs are eliminated mainly via intracellular lysosomal proteolytic degradation which occurs throughout the entire body. One exception goes to IgA based antibodies, which are mainly eliminated by biliary secretion [12] . More than half of the mAbs on the market exhibit nonlinear pharmacokinetics. The linear portion of an antibody drug PK profile is mainly attributable to Fc-receptor mediated clearance and the nonlinear portion is attributable to the target-mediated drug disposition. Fc-mediated elimination is a nonspecific elimination pathway for both endogenous IgGs and exogenous therapeutic IgG mAbs involving either FcRn or Fcγ receptors.
The biologics with a molecular weight <69 kDa are mainly cleared by renal excretion. Therefore, the clearance of these 1341 www.chinaphar.com Zhao L et al Acta Pharmacologica Sinica npg biologics can be compromised in patients with renal impairment. Prominent cases include kineret, a non-glycosylated form of the human interleukin-1 receptor antagonist with a molecular weight of 17 kDa, and pegintron, PEGylated interferon alfa-2b with a molecular weight of 31 kDa. For kineret [13] , a renal impairment study revealed that its plasma clearance was incrementally reduced in patients with mild, moderate, or severe renal impairment, respectively. For pegintron, a renal impairment study indicated that its clearance decreased by 17% and 44% in patients with moderate or severe renal impairment, respectively. Thus, dose reductions were recommended for renal impaired patients for both kineret and pegintron. Similar results were observed with higher molecular weight such as basiliximab as reflected in its label. However, renal impairment doesn't not always affect the clearance of small biologics. For example, ranibizumab, a recombinant humanised IgG1 kappa isotype mAb fragment with a molecular weight of 48 kDa, showed no notable change in PK in renal impaired patients.
In absence of target-mediated drug clearance, most IgGbased mAbs (ie, IgG1, IgG2, and IgG4) exhibit long half-lives (~3-4 weeks). This is primarily due to FcRn-mediated antibody recycling. Under acidic conditions, IgGs entering the endosome via fluid phase pinocytosis bind to the FcRn receptor and will not be transferred for lysosomal degradation, as opposed to unbound antibodies [14, 15] . Fcγ receptors can be responsible for clearing soluble mAb-antigen immune complexes or cells opsonised by the mAb [16] . However, the exact mechanism of action of Fcγ receptors in antibody clearance is not fully understood.
Another distinction between small molecules and biologics is that biologics can be immunogenic. The formation of neutralising anti-drug antibodies (ADA) against the corresponding biologic or immune complexes that trigger proteolytic elimination in the reticuloendothelial system (RES) will cause increased clearance of a biologic. Infliximab, a chimeric IgG1κ monoclonal antibody (composed of human constant and murine variable regions) specific for human tumour necrosis factor-alpha (TNFα), was cleared more rapidly in patients who developed human anti-chimeric antibodies (HACAs) [17] . A decreased trough concentration with increasing immunogenicity was also reported for golimumab, a human IgG1κ monoclonal antibody specific for human tumour necrosis factor alpha (TNFα). The immunogenicity is often managed by co-medication of methotrexate (MTX) with the biologics that present significant immunogenicity issues [18] . In contrast to the notion that immunogenicity always increases drug clearance, changes in the elimination rate due to immunogenicity may be bi-directional. For example, an immune complex that does not trigger an RES response may slow down drug elimination by serving as a depot for the therapeutic proteins, which has been observed quite often for cytokines and hormones.
The degree of humanisation, route of administration, duration of therapy, and dose level can also impact immunogenicity. The incidence of immunogenicity is negatively correlated with the degree of humanisation of mAbs [19] . In the case of tositumomab, a murine antibody, the incidence of developing human anti-mouse antibody (HAMA) seropositivity was 70% in patients with low-grade non-Hodgkin's lymphoma [20] . In comparison, the reported incidence of immunogenicity for fully human, humanised and chimeric mAbs ranged from <1% to ~10% [4] . The incidence of immunogenicity is positively correlated with the duration of therapy and the re-introduction of drugs [20, 21] . It has been reported that immunogenicity is negatively related to the dose [4] . However, a firm conclusion regarding the relationship of immunogenicity to dose could not be reached. The potential to develop ADA could be higher following SC or IM administration than IV administration because phagocytes and NK cells, which are responsible for the initial, innate, immune response, are found under the skin and in the mucosal epithelia. However, the above hypothesis has not yet been confirmed with human data, and statistical comparison between the different routes of administration is not available.
First-in-human (FIH) starting dose determination for biologics
Based on both the FDA and the European Medicines Agency (EMA) guidance, the starting dose for a FIH trial is normally a dose that results in no pharmacological or toxicological effects. As a result, the commonly adopted method to determine the FIH starting dose for new molecular entities is the no observed adverse effect level (NOAEL) approach. The no observed effect level (NOEL) approach has also been practised to a lesser extent. The NOAEL approach normally includes three steps, and the approach is the same for both small molecules and biologics. The first step is the determination of a NOAEL dose in the most sensitive or most clinically relevant nonclinical species. The second step is to convert the animal NOAEL dose to a human equivalent dose (HED) by applying a Body Surface Area Conversion Factor (BSA-CF). The third step is to propose the maximum recommended starting dose (MRSD) after adjusting the HED with a safety factor (MRSD=HED* Safety Factor). However, the NOAEL-to-HED conversion step is not needed to calculate MRSD for biologics as compared to small molecules. To calculate MRSD for biologics, the safety factor can be directly applied to the body weight normalized NOAEL dose.
Additional considerations for proposing an MRSD are sometimes taken into account under special circumstances. For example, when cross-reactivity between human and animal models cannot be established for the biologics in development, especially for mAbs, a surrogate antibody may need to be developed for the animal study if a toxicology study in chimpanzees is prohibited. Furthermore, an MRSD derived from an animal NOAEL approach may not be reliable because of potential target/antigen binding, distribution and capacity differences between humans and animals. Therefore, all potential factors leading to changes in PK exposure, efficacy, and safety responses should be taken into account when extrapolating a dose from animals to humans. The relevant extrapolation techniques include allometric scaling, target- As triggered by the TGN1412 tragedy, for high risk biologics, the EMA has proposed the minimum anticipated biological effect level (MABEL) approach for FIH dose selection. The MABEL approach is considered for biologic agonists in particular, such as biologics with cellular targets that may activate downstream intracellular pathways and trigger cytokine release. The determination of a human MABEL dose depends on PK-PD relationships. Such relationships can be based on in vitro and/or in vivo studies involving human cells or animal species. Animal-human differences in PK exposure, target binding affinity, and PD potency should all be taken into consideration [22] . Recent examples illustrating the MABEL dose determination include an antibody compound that targets a blood cell surface receptor [23] . In general, the MABEL dose is usually a more conservative approach than the starting dose derived by the NOAEL approach, as it is normally one order of magnitude lower. Sometimes, MRSDs determined from the NOEL, the pharmacologically active dose (PAD), and/or the MABEL approaches are evaluated against the MRSD dose determined from the NOAEL to make the final FIH recommendation.
Regulatory agencies in other countries have taken similar approaches to those adopted by the FDA and EMA. For example, the State Food and Drug Administration (SFDA), the Chinese regulatory agency, uses similar language in its guidance regarding MRSD to that adopted by the FDA and EMA but with fewer details.
Model-based drug development for biologics
Fixed dosing vs body size-adjusted dosing Fixed dosing is the most common dosing approach for small molecule drugs in adult patients. However, biologic products are often dosed based on body size. Whether a drug should be administered based on a patient's body size, such as body weight (BW) and body surface area (BSA), mainly depends on the effect of the body size on the pharmacokinetics (PK) and pharmacodynamics (PD) of the drug, as well as its therapeutic window (Table 1) . A good dosing strategy should provide reduced inter-patient variability in PK and/or PD and ultimately optimise therapeutic outcomes.
Two retrospective studies evaluated the potential benefits of fixed dosing and body size-based dosing by comparing the ability of each of the two approaches to reduce pharmacokinetic (PK) and/or pharmacodynamic (PD) variability in adults for 30 biologics with published population PK and/or PD models [24, 25] . Of these 30 biologics, 1 2 were mAbs [24] , and 18 were not mAbs (these included therapeutic proteins and peptides) [25] . At the population level, the inter-subject variability in exposure (AUC and C max ) was examined for 1000 subjects, for both dosing approaches. At the individual level, the difference between the exposure of patients with extreme body sizes and the typical exposure following both approaches was compared. The results, as illustrated by a representative plot (Figure 1) , show that the two dosing approaches perform similarly across the biologics investigated, with fixed dosing being better for some biologics and body size-based dosing being better for the others. Based on these findings, fixed dos- Table 1 . Selected therapeutic peptides and proteins and their dosing approaches for adult patients. Reprinted from [25] . Dosing regimen optimisation PK-PD-clinical response models play a central role in dosing regimen determination. There are different types of models, such as mechanism-based models, physiologically based models, empirical models, semi-empirical models, and meta-analysis for biologics of similar molecular structure and the same target. All of these models can be used to analyse different types of relationships, such as exposure/biomarker, exposure/ response, and biomarker/response relationships. Empirical exposure-response models have gained popularity mainly because of their practicality and convenience, as many of the downstream actions after a drug binds to its target remain unknown. In this regard, empirical exposure-response models used for small molecules can be directly adapted to characterise the drug effects of biologics. It should be noted that predictive empirical models, as well as all other types of models, rely on sufficient high-quality data being available, which calls for well designed studies with prospectively defined PK, PD and clinical response endpoints. Another modelling tool that has been increasingly used is meta-analysis. Meta-analysis synthesises reported clinical data from drugs in the same class to enrich the information for the dose/exposure response of the drug candidate in development [26] [27] [28] [29] and also provides a benchmark for comparison purposes. Simultaneous modelling of exposure-PD response, PD response-clinical response, and exposure/PD response-clinical response has been considered to be an ideal approach for dosing regimen justification. However, the data requirements, the difficulty in identifying measurable biomarkers, and the lack of a relationship between PD response and clinical response have limited the application of PK-PD-clinical response models in certain therapeutic areas.
Mechanism-and physiologically-based models for mAbs
Mechanism-based models provide a unique advantage for understanding drug efficacy and safety, through mathematically describing the underlying biological and pharmacological processes as realistically as possible. Antibody drug development starts from the selection of a target that is responsible for disease pathophysiology. Therefore, the common feature of the frequently used mechanism-based models is to characterise the relationship between drug exposure and target suppression.
Because of the large size of mAbs, it is of particular importance to understand their distribution at organs/tissues of interest in order to better establish the exposure/response relationship, as the exposure in the blood stream may not reflect the exposure in the targeted tissues. This may be achieved by PBPK models. The concept of physiologically based PK/PD modelling is to use a system of differential equations to describe drug absorption, distribution, metabolism, and elimination (ADME) dynamics with human physiological parameters. A typical whole-body PBPK model involves modelling the whole human body as a closed circulatory system with compartmentalised and interconnecting organs or specific tissues. The drug mass transfer for each compartment is described by a turnover model using organand tissue-specific blood flows as the corresponding input to and output from the compartment. In a sense, a PBPK model is a fluid flow anatomy of the human body. In this regard, the arterial and venous blood connects most organs, whereas the flow from the gastrointestinal tract, spleen and pancreas goes to the liver via the portal vein before it reaches the venous side. All of the blood that flows from various organs will converge at the lungs and then return to the blood compartment to complete a cycle. In a PBPK model, a flow balance is kept by ensuring that the sum of input flows (ie, blood+lymphatic flow) is equal to the sum of output flows for each compartment. A schematic chart of a PBPK model can be found in many publica tions [12, 30, 31] . Overall, model-based drug development takes advantage of a series of quantitative approaches, such as mechanism-based PK, PBPK, PK-PD, exposure-response, and PK-PD-clinical response models. These models offer a unique edge for developing biologic drugs. With the advancement of new quantitative tools [32, 33] , drug developers and researchers can gain powerful insights into designing the most effective therapeutic regimens.
Common clinical pharmacology issues in biologics development
From a global perspective, the US FDA and EMA are the two leading agencies in the development of guidelines to regulate biologics development. The relevant clinical pharmacology guidance documents published by the US FDA are Reprinted from [25] . [34] .
Considerations for drug-drug interactions (DDI) potential for biologics
Although DDIs between biologics and small molecules have been reported, they are mostly mild and are less common than those between small molecules, owing to the difference in the clearance mechanisms. Cytokine-mediated changes in drug-metabolising enzymes are the most well documented therapeutic DDI mechanisms for biologics. Because of the lack of predictive in vitro and preclinical animal models for addressing DDIs, clinical study is the routine approach for biologic DDI assessment. Clinical investigations on biologics as a victim of DDI include the impact of altered target protein levels by the concomitant medication on the clearance of therapeutic proteins, the displacement of therapeutic proteins from binding proteins, and the modulation of Fcg receptor expression. When designing a DDI study for biologics, factors such as patient population, disease status, medications that are likely to be coadministered in that population, clearance mechanisms of a therapeutic protein and concomitant drugs, and effect of biologics on P450 activities, among other factors, should be taken into account to determine the potential for DDIs. While the crossover study design is the most often used approach for small molecule DDI assessment, it is not a feasible approach for most biologics because of their long halflives. Even for evaluating the effect of biologics on small molecules, a sequential study design (small molecule drug administered in period 1 or lead-in phase of a Phase II or III study, small molecule+biologics administered in period 2 or Day 1 of a Phase II or III study) is often used to avoid long washout period for biologics. In addition, DDI assessment for biologics is often conducted in patients instead of healthy subjects. This is mainly due to 1) potential difference in PK and PD between patients and healthy subjects; 2) toxicities of the biologics and small molecules especially for oncology compounds that prohibit evaluation of DDI in healthy subjects; 3) immunogenicity issues. All the factors discussed above pose difficulties to conduct dedicated DDI assessment for biologics, as an alternative, population PK method can be used for confirmatory DDI assessment. Population PK approach allows less intensive sampling in patients, incorporating DDI assessment in larger Phase II/III trials, and integrating data generated across multiple studies during different development phases. DDI findings identified by population PK approach have already been exemplified in current labels (eg pregabalin, pramipexole, Tocilizumab, sildenafil, cilostazol, and etc). It should be noted that biologics and small molecules share many of the same principles in terms of the DDI data analysis method and labelling output regarding dosing and DDI potential [35] . Figure 2 shows the decision tree and steps involved in DDI evaluations of biologics.
QTc prolongation by biologics
The QT interval measures the time from the start of the Q wave to the end of the T wave in a heart's electrical cycle. QTc represents the heart rate-corrected QT interval because QT is heart rate dependent. In general, a thorough QTc study is not required for mAb drugs. However, it is recommended that extensive ECG monitoring be undertaken in the early phase of clinical development to monitor cardiac safety and to confirm that a thorough QT (TQT) study is not necessary. Particular attention should be paid to small biotherapeutics (<5 kDa), biologics with heart and/or vasculature targets or targets with the same nature, and compounds with positive preclinical cardiovascular safety signals. A TQT study may be needed on a case by case basis, depending on the information gained from the on-going clinical development.
Immunogenicity
Owing to the size of biologics and human body's mechanisms for protecting against foreign invasion, use of biologics has the concern of immunogenicity. The possible consequences of immunogenicity include the loss of therapeutic efficacy and severe life threatening adverse events. The safety events can originate from an intensified general immune response or cross-reactivity of the ADA with endogenous substances that are critical for maintaining physiological function.
In the study protocol for biologics, a risk mitigation strategy for potential immunogenicity-mediated adverse events should be developed and implemented starting in the early phases. The risk mitigation strategy could also evolve at different stages of drug development based on the developing understanding of the risk factors for immunogenicity and the degree of its impact on drug safety and efficacy. A typical mitigation plan is formulated by considering the protein structure (eg, its similarity to endogenous substances), the manufacturing process, and the target population. It normally includes a bioanalytical assay strategy for both preclinical and clinical samples, a tittered testing approach to identify the types of ADA responses, a plan for medical treatment in anticipation of potential immunogenicity mediated safety events, and an appropriate study stopping criteria. 
Specific populations Paediatrics
The clinical programme in the paediatric population is the same for both biologics and small molecules. The principle that underlies current regulatory guidance for paediatric trials is to minimise the trial burden in the paediatric population for paediatric indications [36] . For example, it is recommended that the relative bioavailability of paediatric oral formulations compared to adult oral formulations is evaluated in the adult population. To conduct a paediatric PK study, the use of population pharmacokinetics and sparse sampling based on the optimal sampling theory is recommended.
However, definitive pharmacokinetic studies for dose selection across the age ranges of paediatric patients in whom the medicinal product is likely to be used should be conducted in the paediatric population. For biologics that exhibit nonlinear pharmacokinetics in adults, probably as a result of TMDD, a steady state study in the paediatric population is normally needed.
Based on similarities in disease progression and the exposure-response between children and adults, a different clinical development plan is needed. In the event of a different disease progression pattern, it is expected that both safety and efficacy trials will be carried out in the paediatric population (Figure 3) . The volume of blood withdrawn should be minimised in paediatric studies [37] . If a paediatric study is needed, current recommendations include the use of the patient population instead of healthy volunteers, body size-based dosing (ie, body weight-or body surface area-based dosing even if fixed dosing is used for adults), conservative dosing in anticipation of potential differences in pharmacokinetic parameters, and the use of a formulation and vial strength suitable for the paediatric population [38] . Renal Impairment: Based on the molecular size constraint for glomerular filtration, for biologics with molecular weights >69 kDa, such as mAbs, current guidelines do not require an evaluation of the effect of renal impairment for their licensing applications [13] . The effect of renal impairment on the exposure of therapeu- [35] . Figure 3 . Pediatric study decision tree. Reprinted from [36] .
www.nature.com/aps Zhao L et al Acta Pharmacologica Sinica npg tic proteins with molecular weight <69 kDa is not consistent across different proteins. Renal impairment has been shown to potentially increase exposure for cytokines or cytokine modulators with a molecular weight of <69 kDa. The examples include anakinra, peginterferon a-2A/B, and oprelvekin. A dose reduction is required for these therapeutic proteins in renal impairment patients. However, there is "no clinical consequence" of reduced renal function for digibind and ranibiumab, both are antibody fragments, as indicated in their product labelling. Specific studies to investigate the impact of renal impairment on pharmacokinetics have generally been recommended for small proteins with presumed or known renal clearance as the dominant pathway. Similar to the approach undertaken for small molecules, the initial study should be a single dose in a renal impaired patient population, followed by additional studies (eg, multiple doses in patient population with moderate/severe impairment) if warranted.
Hepatic Impairment: Hepatic impairment is not likely to affect the exposure to biologics. It is unlikely that >20% of a dose of biologics can be catabolised in the liver and there have been very few reports of specific studies investigating the impact of hepatic impairment on the pharmacokinetics of biologics. One exception is Mylotarg, a cytotoxic antitumour antibiotic linked to an antibody for targeted delivery. The metabolism of Mylotarg has been investigated in human liver microsomes, human liver cytosol and human leukaemia cells. After incubation with Mylotarg, a total of 11 metabolites were found. As a result, the Mylotarg label notes that "extra caution should be taken when administering Mylotarg in patients with hepatic impairment". A specific study to evaluate hepatic clearance in patients with impaired hepatic function is normally not required for biologics.
Elderly
Reports on clinical pharmacology studies of biologics in elderly subjects have been scarce. However, there are examples where age has an effect on PK parameters of certain biologics. For instance, canakinumab, an IgG1-based antibody drug, has been found to have a slightly reduced absorption rate, but not a reduced overall drug exposure, in the elderly [39] . Levemir, a recombinant long-acting basal insulin with a molecular weight of ~6 kDa, shows a higher exposure in the elderly than younger subjects but no difference in overall safety or effectiveness. In product labeling, PK parameters can be summarised by different age groups if clinical significant age effect is identified. However, sufficient number of patient in each age group is needed to warrant a labelling claim. Under most circumstances, age effect is evaluated as a covariate (eg, for panitumumab) in their corresponding population PK models.
Race/gender
The effect of race or gender on the exposure of biologics is often insignificant after the difference in body weight has been taken into account. Race and gender effects have often been investigated as a covariate on PK parameters using population PK modelling. For examples, age was found not to be a significant covariate on PK parameters for panitumumab and natalizumab. Definitive statements regarding the effect of race or gender on drug exposure are rarely found on biologics labels. However, pharmaceutical sponsors may wish to facilitate quick entry to other ethnic regions and cross the regulatory barriers early, by conducting bridging studies to investigate potential differences in drug exposure in different races.
In summary, general clinical pharmacology considerations for biologics are depicted in Figure 4 . Ultimately, it is the size of the biologics that distinguishes the clinical development programme of biologics from that of small molecules. The inherent characteristics of mAbs, such as specific functions associated with their FcRn, FcγR, and C1Q domains, differentiate them from other therapeutic proteins in many respects, such as PK, PD, and pharmacological functions. Consequently, in addition to the general considerations for biologics, special considerations should be given to each individual biological product based on its own characteristics.
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